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a b s t r a c t

We investigate the structural, electronic, lattice dynamical, and dielectric properties of SrAl2O4 within
density-function theory. The crystal structure is fully relaxed, and the structural parameters are found
to be well consistent with the experimental data. The first pressure derivatives of the bulk modulus are
predicted to be 2.5 and 4.3 for local density approximation (LDA) and generalized gradient approximation
(GGA), respectively. The electronic band structure shows that the valence band maximum is comprised
eywords:
rAl2O4

lectronic structure
honon frequency
ielectric permittivity

of O 2p states and a small amount of Al 3s and 3p states, and the conduction band minimum is comprised
of Sr 5s and a small amount of O 2p, Al 3s and Al 3p states. The phonon frequencies at the center of the
Brillouin zone and the dielectric permittivity tensors are calculated using density-function perturbation
theory. The electronic (ε∞) and static (ε0) dielectric permittivity tensors are theoretically predicted by
the calculations with both LDA and GGA formalisms. The results show that the electronic dielectric per-
mittivity is isotropic, while the static dielectric permittivity exhibits to be somewhat anisotropic due to

ibutio
the dominant ionic contr

. Introduction

Alkaline-earth aluminates are important luminescent host
aterials [1–3] due to their high quantum efficiency, excellent

hysical and chemical properties and the easy preparation. For
nstance, rare-earth ions doped SrAl2O4 as long-lasting phosphors
ave been extensively studied in recent years [4–7]. SrAl2O4:Eu2+

hosphor has also attracted considerable attention for its mechano-
uminescence behavior arising from the strain field induced by the
pplication of an external stress [8–10]. However, only a few the-
retical calculations on SrAl2O4 can be found in literatures. The
lectronic structure of SrAl2O4 was calculated by using the scalar-
elativistic full potential linearized augmented plane wave method
11]. The theoretical calculations of elastic coefficients revealed that
rAl2O4 stuffed tridymite could be a relatively soft oxide [12]. The
lectronic properties of SrAl2O4:Eu2+ were investigated by using
V–VUV synchrotron radiation spectra and density functional the-
ry calculations, which confirmed that the electrons were the main
harge carriers mostly influencing the persistent luminescence pro-

ess in this material [13].

Electronic property is fundamentally critical for the lumines-
ent properties of solids. The electronic structure of host lattice
ould give rise to the fundamental absorption of excitation energy

∗ Corresponding author.
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ns in static dielectric permittivity.
© 2011 Elsevier B.V. All rights reserved.

which may then be transferred to the luminescent centers (i.e.
rare-earth ions) resulting in effective luminescence. Furthermore,
lattice vibration (phonon) can also severely affect the lumines-
cent quantum efficiency through the nonradiative transitions of
multiphonon orbit–lattice relaxation of excited states in rare-earth
ions doped crystals. For instance, the effective phonon energy with
283 cm−1 was estimated by the study of electron-vibrational inter-
action in persistent phosphors MgxSr1−xAl2O4:Eu, Dy [14]. The
present work provides a thorough investigation of structural, elec-
tronic, lattice dynamical, and dielectric properties of SrAl2O4 by
using first-principles calculations. We also give the analysis and
comparisons of the calculated results with the experiments avail-
able in literatures.

2. Calculation details

All calculations were performed using the ABINIT package
[15,16], which is based on pseudopotentials and plane-waves.
Exchange and correlation were treated in the local density approxi-
mation (LDA) and generalized gradient approximation (GGA) using
density-functional theory (DFT) [17,18]. It relies on an efficient fast
Fourier transform algorithm for the conversion of wave functions

between real and reciprocal space on the adaptation to a fixed
potential of the band-by-band conjugate gradient method and on
a potential-based conjugate-gradient algorithm for the determi-
nation of the self-consistent potential. The Teter parametrization
fitting the Ceperley–Alder exchange-correlation data [19] was

dx.doi.org/10.1016/j.jallcom.2011.01.046
http://www.sciencedirect.com/science/journal/09258388
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Table 1
Structure parameters of SrAl2O4.

Exp. LDA GGA

a (Å) 8.447 8.412 8.482
b (Å) 8.816 8.792 8.836
c (Å) 5.163 5.132 5.203
ˇ (◦) 93.420 93.420 93.417
V (Å3) 383.797 378.878 389.256
B (GPa) 102 90.5 112.6
B′ – 2.5 4.3

The electronic band structure and the densities of states (DOS)
of SrAl2O4 are calculated by both LDA and GGA methods. Due to
the similar results of LDA and GGA, the calculated band structures
and DOS profiles with LDA are presented in Figs. 2 and 3.
ig. 1. Calculated total energies with LDA (a) and GGA (b) for SrAl2O4 as a function
f volume. Dots represent calculated values and the solid lines are fitting results by
sing third-order Birch–Murnaghan equation of state.

pplied for LDA calculations, and the Perdew–Burke–Ernzerhof
PBE) [20] functional was applied for GGA calculations. Relaxation
f the lattice parameters and interatomic positions within the unit
ell was performed using the Broyden–Fletcher–Goldfarb–Shanno
lgorithm [21] until the maximum component of force acting on
ny atoms is less than 1 mhartree/bohr.

Linear response properties were obtained as second-order
erivatives of the total energy with respect to an external elec-
ric field or to atomic displacements within the framework of
ensity functional perturbation theory (DFPT) [22,23]. The elec-
ronic wavefunctions were expanded in plane waves up to a kinetic
nergy cut-off of 40 Ha (1 Ha = 27.211 eV), and it was confirmed
hat the total energies were converged within 1 meV/atom with
espect to that at 45 Ha. The Brillouin zone (BZ) was sampled by
4 × 4 × 4 Monkhorst-Pack [24] mesh of k points, with the total

nergies converged within 0.1 meV/atom with respect to that by a
× 4 × 8 Monkhorst-Pack. The BZ sampling and the kinetic energy
utoff were sufficient to guarantee an excellent convergence within
cm−1 for the calculated phonon frequencies.

. Results and discussion

.1. Structural properties

SrAl2O4 belongs to monoclinic structure (space group P21) con-
aining four formula units (28 atoms). All the atoms occupy 2a sites
ccording to the Wyckoff notation. SrAl2O4 has a stuffed tridymite-
ike structure built up of layers of [AlO4]5− tetrahedra sharing
orners that give rise to six corner rings. Sr2+ ions are located in the
avities of the framework of [AlO4]5− tetrahedra, occupying two
ifferent sites with low symmetry and coordinated by nine oxygen
toms [25].

Fig. 1 shows the calculated total energies of SrAl2O4 with LDA (a)
nd GGA (b) as a function of volume. The calculated equilibrium vol-
mes (V0), the bulk modulus (B0) and the first pressure derivative
f bulk modulus (B′

0) are determined by fitting the total energy as a
unction of volume to the third-order Birch–Murnaghan equation
f state (EOS) [26]. The results are summarized in Table 1. The cal-
ulated lattice parameters are found to be in excellent agreement

ith experimental data [27]. It is found that LDA underestimates

he lattice parameters, while GGA overestimates them. The errors
n the lattice parameters for LDA and GGA are both less than 1%. The
onsistency of the calculated lattice parameters with experimental
Fig. 2. Electronic band structure of SrAl2O4 calculated with LDA.

results shows that the theoretical method is valid. The calculated
bulk moduli (90.5 and 112.6 GPa for LDA and GGA, respectively) are
both close to the experimental value of 102 GPa [28]. The first pres-
sure derivatives of the bulk modulus are 2.5 and 4.3 for LDA and
GGA, respectively. Currently, there is no experimental value avail-
able for comparison. The large difference of B′

0 for LDA and GGA is
probably due to the high sensitivity for the derivative of pressure.

3.2. Electronic properties
Fig. 3. Electronic density of states SrAl2O4 calculated with LDA.
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Table 2
Nonvanishing components of the calculated Born effective charge tensors for
SrAl2O4.

Atom Born effective charge tensors

Sr (2.55, 2.49, 2.51)
Sr (2.60, 2.44, 2.40)
Al (2.29, 2.42, 2.58)
Al (2.49, 2.53, 2.37)
Al (2.39, 2.38, 2.56)
Al (2.33, 2.58, 2.40)

O

( −1.71 0.19 0.32
0.34 −1.81 −0.19
0.20 −0.22 −2.02

)

O

( −1.72 0.23 −0.28
0.02 −1.87 0.25
−0.30 0.24 −1.91

)

O

( −2.40 −0.07 −0.008
−0.04 −1.74 0.13
−0.05 0.14 −1.46

)
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Table 3
Calculated phonon frequencies of SrAl2O4 at � point. The unit is cm−1.

A modes B modes

LDA GGA LDA GGA

70.0 68.1 71.6 70.9
95.5 92.3 108.9 107.6

112.2 110.2 111.0 110.3
115.2 115.6 120.8 122.3
121.1 120.3 137.6 136.3
132.0 133.2 151.1 150.3
137.6 137.3 156.1 155.3
146.4 146.6 176.4 177.3
157.1 159.3 191.4 190.3
167.4 163.2 223.7 220.3
190.1 188.3 229.3 227.3
219.2 215.1 232.8 230.3
230.6 233.2 249.9 247.6
252.6 256.3 265.4 266.3
264.9 268.3 276.0 277.3
287.0 284.3 295.9 294.3
288.9 286.3 305.5 305.3
335.9 330.3 350.7 351.3
342.9 340.3 367.6 366.3
362.8 360.0 376.2 377.3
380.5 377.3 392.8 392.3
386.2 381.3 410.0 411.3
399.7 390.0 414.8 416.3
410.6 403.3 424.1 420.3
420.6 422.3 464.0 460.3
431.5 433.3 472.6 479.3
521.0 519.3 528.9 520.3
565.1 566.3 603.4 606.3
583.5 583.1 636.1 639.3
604.4 601.0 643.3 644.3
643.3 640.9 659.1 655.3
654.3 650.3 698.0 696.3
677.8 680.3 794.1 799.1
806.7 806.3 821.1 820.3
819.6 815.6 828.6 826.3
825.0 826.3 851.4 850.3
838.8 833.3 857.8 858.3
857.8 854.3 894.1 893.9

orientation measurement. The calculated oscillator strengths of
each phonon mode with LDA are presented in Fig. 4. It is found that
the phonon at 465 cm−1 belonging to the bending vibration of the
O–Al–O angle has the strongest oscillator strength. This could be
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( −2.40 −0.07 −0.008
−0.03 −1.41 0.11
0.10 0.01 −1.74

)

The calculated electronic band structure indicates that the direct
and gap is located at � point. Most of the bands except for the
hree bands at the bottom of conduction band exhibit to be very
at, which is the typically character of an insulator. It is well known
hat the LDA and GGA usually lead to a significant underestimation
f band-gap. The experimental band gap is about 6.5 eV [29]. The
alculated band gaps of 4.46 eV (LDA) and 4.49 eV (GGA) are con-
istent with the previous result by GGA calculations [11]. From the
OS profiles in Fig. 3, it is found that in the valence band (VB) struc-

ure, the bands located at around −17 to −14 eV mainly compose of
r 4p and O 2s states and the bands located at −5 to 0 eV compose
f O 2p states and a small amount of Al 3s and 3p states. Beyond
he gap, the conduction band (CB) is comprised of Sr 5s and a small
mount of O 2p, Al 3s and Al 3p states.

.3. Born effective charge tensors

The Born effective charge tensors Z* for Sr, Al and O atoms,
hown in Table 2, were calculated by perturbation theory. The form
f effective charge tensor for the constituents could be determined
y the site symmetry of the ions. Z* of cations Sr and Al are almost
iagonal with an anisotropy of 8% for Sr and 7% for Al. It is found
hat the values of Z* of Sr are larger than its nominal ionic charge
= +2 while the values of Z* of Al are smaller than its nominal

onic charge Z = +3, indicating a mixed covalent–ionic bonding. The
orn effective charge tensors of O ions have nonequivalent diago-
al components as well as sizable off-diagonal components due to
he lower symmetry.

.4. Phonon frequencies at the � point

Linear response calculations were performed for the study of
attice dynamical properties. The present calculations of lattice
ynamical properties were limited at the zone-center (� point) in
Z. The theoretical group analysis predicts the following irreducible
epresentations of acoustical and optical zone-center modes:

aco = A + 2B (1)

opt = 41A + 40B (2)
or the optical modes, the modes A and B are both Raman and
nfrared (IR) active. The calculated phonon frequencies of SrAl2O4

ith LDA and GGA at � point are listed in Table 3. It is evident that
he phonons are very complicated since there are 81 optical phonon
requencies and the calculated results with LDA and GGA are very
866.3 869.3 896.7 896.3
892.2 890.3 903.7 905.6
901.1 903.3

consistent. The experimental Raman spectrum [30] exhibits a lot
of phonon frequencies in the range of 80–900 cm−1. The range of
calculated phonon frequencies is in accord with the experiments.
However, it is not possible to give the explicit assignment and
comparison because the experiment values are not obtained from
0 200 400 600 800 1000
0.0000

Phonon energy (cm
-1
)

Fig. 4. The calculated oscillator strengths (in a.u., 1 a.u. = 253.2638413 m3/s2) for
phonons of SrAl2O4.
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Table 4
The calculated dielectric permittivity tensors of SrAl2O4.
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ε∞ (2.95, 2.98, 2.99) (2.72, 2.75, 2.76)
ε0 (8.12, 7.75, 8.51) (7.92, 7.55, 8.21)

elated with the fact that the most intense phonon band is located
t 465 cm−1 in the Raman spectra [25,30].

.5. Dielectric properties

The static dielectric permittivity tensor ε0 was calculated by
dding the ionic contributions to the electronic dielectric permit-
ivity tensor ε∞. In other words, the static dielectric tensor can be
ecomposed into the contributions of different modes as follows:

0
˛ˇ(ω) = ε∞

˛ˇ +
∑

m

�εm,˛ˇ = ε∞
˛ˇ + 4�

˝0

∑
m

Sm,˛ˇ

ω2
m

(3)

here ˝0 is the volume of the primitive unit cell, ωm is the fre-
uency of vibration of normal mode m, and Sm,˛ˇ is the mode
scillator strength, which can be determined by the eigendisplace-
ents and the Born effective charge tensors.
The electronic (ε∞) and static (ε0) dielectric permittivity ten-

ors were calculated by both LDA and GGA formalisms, shown in
able 4. However, no experimental data can be found in literature.
hus the present calculations are considered as prediction. The val-
es of dielectric tensors obtained by LDA and GGA are close to each
ther. The values with LDA are slightly larger than those with GGA.
he calculated values in the framework of LDA and GGA are usually
verestimated due to their underestimated band gap [31]. There-
ore, the experimental values should be predicted to be smaller
han those with GGA by several percent. Due to the low symmetry
f SrAl2O4, dielectric permittivity tensors have three independent
omponents. The calculated ε∞ is nearly isotropic, whereas the cal-
ulated ε0 is anisotropic with about 5% difference. From the present
alculations, the ε0 is much larger than the ε∞, which indicates that
he contributions from the lattice vibrations are dominant since
he ε0 can be decomposed into electronic contributions and ionic
ontributions.

. Conclusions

Using DFT and DFPT, the structural, electronic, lattice dynami-
al, and dielectric properties of SrAl2O4 were investigated. Both LDA
nd GGA give the consistent lattice parameters with experimental
alues [27]. The first pressure derivatives of the bulk modulus are
redicted to be 2.5 and 4.3 for LDA and GGA, respectively. The large

ifference for LDA and GGA results from the high sensitivity for the
erivative of pressure. The electronic band structure shows that
alence band maximum is comprised of O 2p states and a small
mount of Al 3s and 3p states, and the conduction band minimum
s comprised of Sr 5s and a small amount of O 2p, Al 3s and Al 3p

[

[
[

[

pounds 509 (2011) 4300–4303 4303

states. The calculated energy range of phonon frequencies at the
center of the Brillouin zone is consistent with the experimental
data [30]. It is interesting that the most intense phonon band at
465 cm−1 belonging to the bending vibration of the O–Al–O angle
in the Raman spectra has the strongest oscillator strength accord-
ing to the present calculations. The electronic (ε∞) and static (ε0)
dielectric permittivity tensors are predicted by the calculations
with both LDA and GGA formalisms. The prediction shows that the
static dielectric permittivity is isotropic and much larger than the
electronic dielectric permittivity because the ionic contributions in
the static dielectric are dominant.
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